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ABSTRACT 
Stereological principles provide efficient and reliable tools for the determination of quantita- 
tivc parameters of tissue structure on sections. Some principles which allow the estimation of 
volumetric ratios, surface areas,  surface-to-volume ratios, thicknesses of tissue or cell shccts, 
and  the number of structures  are reviewed and  presented  in general form; means for their 
practical  application  in  electron  microscopy  are  outlined.  The  systematic  and  statistical 
errors involved in such measurements are discussed. 
INTRODUCTION 
In  a  previous communication  (49),  we presented 
methods by which tissues can be examined quanti- 
tatively at the electron microscopic level of resolu- 
tion. Further development of this work has yielded 
a  set  of methods  which  are  widely  applicable  in 
the field of cytology and  can efficiently produce  a 
vast amount of reliable information.  It is the pur- 
pose  of  this  study  to  present  these  methods  in 
practical  form without entering into the theoreti- 
cal  considerations  on  which  they  are  based;  the 
latter  have  been  treated  extensively  by  various 
investigators  to  whom  reference  will  be  made  in 
appropriate  places. 
Biological  morphologists  still  shy  away  from 
quantitation of their results for the primary reason 
that  direct measurement  of structures  on  sections 
is very cumbersome and yields doubtful results. On 
the other hand,  geologists and  metallurgists,  who 
are faced with problems similar  to ours,  have de- 
veloped  and  are  using  methods  of  quantitation 
(12,  19, 8,  11, 42, 28)  which, in recent years, have 
been  applied  to  biomorphological  problems  with 
some  applications  touching  on  cytology  (15,  21, 
32,  44-49,  34,  40).  With  the development of reli- 
able  quantitative  techniques  in  physiology  and 
biochemistry,  a  correlation of structure  and  rune- 
tion of cells and tissues will necessitate the produc- 
tion of quantitative morphological data.  The meth- 
ods  reviewed and  presented here should assist this 
endeavor. 
GENERAL  CONSIDERATIONS 
The internal  structure of an organ can be  investi- 
gated  only  after  destruction  of  the  tissues.  The 
most  commonly  used  method  of orderly  destruction 
in cytology is that  of sectioning of fixed  and  em- 
bedded  tissues.  By sectioning,  the  integrity of the 
tissue  is preserved  in  two of the three  dimensions 
of space while the third dimension is sacrificed for 
the bcncfit of rcsolution.  If the section thickness is 
very thin  with respect  to  the sizc of structures  in- 
vestigated  it can  be disregarded  and  we can con- 
sider  the  section--which,  in  reality,  is  a  slice  of 
tissue---as a  two-dimensional image of the internal 
tissue  structurc.  Three  features  of such  infinitely 
thin  sections must  now be noted  (47): 
1.  Every structure  of the tissue is usually cut at 
random by a  nonoriented  section. 
2.  An  n-dimcnsional  structure  of  the  tissue  is 
represented on the section by an (n-1)-dimensional 
image:  bodies  are  seen  as areas,  surfaces  as lines, 
and lines as points. 
23 3.  The  quantitative  occurrence  of  images  on 
sections is determined by the quantitative presence 
of  structures  in  the  tissue  sectioned.  As  an  ex- 
ample,  we  mention  the  Delesse  principle  (12) 
which  states  that  the  planimetric  fraction  of  a 
section occupied by se:tions of a  given component 
corresponds to  the  fraction  of the  ti_sue  vo ume 
occup:ed  by  this  component.  As  we  shall  see, 
there  also  exist relations  between  the  numer  of 
structures in  the unit volume  and  the  number of 
transections of these structures found on  the unit 
area of a random section (48). Such statements are 
valid in the statistical sense; i.e.  the laws of error 
theory apply. 
It is particularly this third feature of infinitely 
thin sections which enables us  to  use  sections for 
quantitative  morphological  work  (44).  A  large 
fraction of possible propositions in cytology can be 
so defined as to  be conveniently solved by meas- 
uring volume, surface, and numerical densities in 
the unit volume. Surface-to-volume ratios are also 
a  convenient measure which can  provide a  large 
amount of information. 
In many instances, though, the finite thickness of 
the section may not be disregarded since it would 
introduce  a  systematic  error.  This  will~ be  dealt 
with  below. 
STATEMENT  OF  STEREOLOGICAL 
PRINCIPLES 
A  number  of useful  stereological  principles  and 
their  application  formulae  will  be  stated  here 
without proof or derivation; for all  details, refer- 
encc will be made to the original papers. All these 
principles have one common feature: They make 
use  of random tissue  sections of negligible thick- 
ness, on which a  test system is placed at random. 
This  test  system is  made  up  of "probes"  in  the 
form of points,  lines, or  planar  areas,  depending 
on  the  information sought. 
These probes can either coincide with some par- 
ticular features of the structure met on the section, 
or  not coincide with  them.  The  investigator has 
merely to count the positive events and can  then 
derive from this finding the required information 
by appropriate application of the formulae. 
A  standard notation (42)  will be used; the symbols 
are defined in Table  I. 
a.  Volumetric Analysis (Fig. 1) 
In  1846  the  geologist  Delesse  (12)  developed 
the fundamental relation of stereology,  now gen- 
TABLE  I 
Standard Notation .for Stereology 
(adapted from Underwood (42)) 
General Features 
l.  Symbols: Capitals  refer  to  collective  treat- 
ment of structures, lower case to individual struc- 
tures; e.g. v =  volume of individual, V =  total vol- 
ume of group of  structures. 
2.  Subscripts : Capitals identify reference or test 
system, lower case identify the object. 
Individual  Dimensions 
vi  Volume of structure i. 
gl  surface area of structure i. 
a~  transection area of structure i on section. 
Collective  Dimensions  of Group  of Structures 
Vi  Collective volume of structures i. 
Si  Collective surface area of structures i. 
Ai  Collective area of transections of i. 
Ni  Number of structures i. 
Li  Collective length of intercepts of testline in i. 
Pi  Collective number of test points lying  in  i. 
Relative Dimensions 
Vvl  Volume fraction occupied by  i  (volumetric 
density). 
Sw  Collective surface area  per volume  (surface 
density). 
Nw  Number of i per volume (numerical density). 
AAI  Area  fraction of section occupied by  i. 
Nal  Number of transeetions of i per section area. 
LLI  Fraction of test line interceptingi. 
NL~  Number of intersections with i per test line 
length. 
PPi  Fraction of test points enclosed in i. 
Test Systems 
VT  Test volume. 
AT  Test area on section. 
LT  Length of test line. 
Pr  Number of test points. 
erally  named  the  Delesse principle,  which  states 
that the volume fraction Vvi of a  component i in 
the tissue can be estimated by measuring the area 
fraction  AAi  of  a  random  section  occupied  by 
transections of i  (Fig.  1 a) : 
Vvl  = AA~  (1) 
In  practical  application,  A~i  had  to  be  deter 
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mined  by cumbersome planimetry. Rosiwal  (37) 
found,  in  1898,  that  AAi  could  be  estimated  by 
lineal  integration  (Fig.  1  b),  determining  the 
lineal  fraction  LLi  of  test  lines  passing  through 
transections  of  i.  This  procedure  is  still  in  use 
(38,  34,  44).  In final reduction of this principle, 
Glagoleff  (19)  found,  in  1933,  that  planimetry 
could  be done  by superimposing a  regular  point 
lattice on the section and counting the points which 
lie  on  transections  of  the  structures  (Fig.  1  c). 
Chalkley  (6)  and  Attardi  (1)  proposed  similar 
procedures for application in histology. The frac- 
tion PPi of points lying on transections of i would 
thus be an estimate of Vvi: 
Vvl  =  PP;  (2) 
This procedure  is  the  most  efficient to  use,  par- 
ticularly in electron microscopy (44, 49), since the 
necessary  measurement consists  merely  of count- 
ing.  Rather  complicated  analyses  can  thus  be 
easily carried  out  (30,  46).  Hennig (25)  has  also 
shown that point-counting volumetry is to be pre- 
ferred  to  lineal integration, for  statistical reasons. 
In  the  following,  we  will  deal  exclusively  with 
point-counting volumetry. 
As a  practical example, we may wish to deter- 
mine the  relative volumes of nuclei  (Vv,),  mito- 
chondria  (Vv,,),  lysosomes  (Vw),  and  cytoplasm 
(Vvc)  in  particular  cell  types.  A  regular  point 
lattice  is  placed  at  random  on  random  electron 
micrographs of random sections. The information 
sought is obtained by differential counting of the 
points Pi lying on n, m,  l, and c,  whereby points 
lying on  other  structures  (interstitium,  etc,)  are 
pooled  in a  compartment x.  We obtain the  total 
number of test points as 
PT =  P.,~ +  P,,~ +  P~ +  Pc +  P~ =  ~-] P~  (3) 
and the volume fractions of the components as 
P~ 
Vw  =-  ; 
PT 
VV  m  ~  Pm etc. 
PT 
~I(iVRE  1  Volumetric analysis of  tissue composition 
on sections: (a)  by planimetry; (b)  by lineal integra- 
tion; (c) by differential point counting. 
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number  of  surface  intersections  with  linear  probes, 
which can be conveniently determined on sections. 
generally  by: 
P~ 
Vvl  =  --  =  Ppi  (4) 
PT 
The  absolute volume  Vi of a  given component in 
an organ,  say of mltochondria in the liver, can be 
computed  from  Vv~  if  the  total  volume  of  the 
organ  V is known : 
V~  =  Vv~. V  (5) 
b.  Measurement  of Surface Areas  (Fig. 2). 
Consider structures with a  well defined  surface 
embedded in the tissue.  In the unit volume,  these 
structures will occupy a certain relative volume or 
volume  density  Vvi,  as  discussed  above.  Their 
total surface, S¢, included in the unit test volume, 
VT, can be defined as their surface  density  Svi. 
S~ 
Svl  =  --  (6) 
VT 
The  surface  of  these  structures  will  appear  on 
sections as contour of the transections. The length 
of these  contours  on  the  unit  test  area of section 
will be proportional  to  the  surface  density,  Svi. 
If  a  test  line  of  fixed  length,  LT,  is  randomly 
placed in the tissue it will pierce through the sur- 
face  of these  structures,  whereby  the  number  of 
intersections,  Ni,  between  test  line  and  surface 
will be proportional to Svi and  to LT.  Tomkeieff 
(41)  and Hennig (22)  have independently derived 
the relation: 
Svl  -  2.Ni  _  2"NL¢  (7) 
LT 
If the "surface"  is considered to  be a  "sheet with 
two  surfaces"  the coefficient 2  has to  be replaced 
by 4  (22). 
Since the surface density, Svi,  is represented on 
sections by a  proportional  "contour density,"  the 
test llne can be placed at random on random sec- 
tions  of  the  tissue  and  N~i  can  be  obtained  by 
simple counts of intersections between  probe  and 
surface  contours. 
As practical examples,  the  surface  area of cells 
or  of external  and  internal  membranes  of  mito- 
chondria can be determined by this method. 
The  total  surface  area  of these  structures  in  a 
given or known volume,  for example in the organ 
volume, is obtained from 
S~rOT  =  Svi'V  (8) 
C.  Surface-to-Volume Ratios 
The surface-to-volume ratio of structures proves 
to  be a  very useful measure.  On the one hand, it 
is  related  to  geometric  features  of the  structures, 
and,  on  the  other,  it  can  often  serve  as  a  direct 
measure of some  physiological  properties  of these 
structures  since  it  gives  the  size  of their  contact 
area with the surroundings per mass of structure. 
Chalkley and  Cornfield  (7,  10)  have derived  a 
method  for  direct  evaluation  of  the  surface-to- 
volume  ratio  of  structures:  it  is  essentially  a 
straightforward  combination  of  point-counting 
volumetry  with  surface  estimation  by  line  inter- 
section.  The  test  system consists of short lines of 
equal length, Z, which again are randomly placed 
on random sections  (Fig.  3).  The  two  end-points 
of  these  test  lines  are  used  as  markers  for  volu- 
metry:  end-points  lying  on  sections of  structures 
are counted as "hits" and recorded as Pi.  Simul- 
taneously, that is, without displacement of the test 
system,  the  number of intersections,  Nzi,  of test 
lines  and  surface  contour  of the  structures  is  re- 
corded.  The  surface-to-volume  ratio,  si/v¢,  of 
individual structures,  i, follows from: 
sl  4. Ni 
(9) 
vi  Z.P~ 
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short linear probes. 
This  relation  can  be directly derived from equa- 
tions  4  and  7  if we take L r  P~--Z  =  as the total 
2 
length of the test line, a condition which is fulfilled 
since  there  are  two  end-points  to  each  short  test 
line in the system of Fig. 3. 
d.  Measurement of Average Thicknesses 
In a previous communication (49), we presented 
a  method  for  estimating  the  arithmetic  mean 
thickness  ~  of  a  tissue  sheet  or  a  cell  layer  by 
modifying  the  above  principle  for  surface-to- 
volume  ratios.  ~  is  here  defined  as  the  average 
tissue  volume  per  half  the  surface  area  of  the 
sheet.  Again,  placing  a  test  system  of short  lines 
of length Z  on random  sections of the sheet, i, we 
record,  as  above,  the  number  of end-points,  Pi, 
lying  on  sheet  tissue  and  the  number  of  surface 
intersections, Ni, and obtain 
Z. Pi 
=  --  (io) 
2 .N  i 
For  considerations  on  transport  across  tissue  lay- 
ers, the harmonic mean thickness r~ is often a more 
appropriate measure of the effective average thick- 
ness  (44,  49).  It is defined  as  the  average of the 
reciprocals  of  all  local  thicknesses.  Randomly 
placing long lines on sections of the sheet, we can 
record  the  intercept  lengths  l,  that  is,  the length 
of test  llne  lying  between  the  two  surface  inter- 
sections,  and  form  the  harmonic  mean  intercept 
length,  lh, by averaging the  reciprocal  values of l. 
From this we obtain 
2 
r~  =  :lh  (11) 
5 
e.  Estimation  of  the  Number  of  Particulate 
Structures 
The number Nvi of particulate structures i con- 
tained  in  the  unit  volume of tissue  can again be 
estimated  from  sections  (Fig.  4).  We  found  that 
the  number  of transections  of  i  counted  on  the 
unit area of random section, Nal, is proportional 
to Nvi (48,  44).  However, this relationship is not 
straightforward.  It depends on a  variety of factors 
which  have  to  be  determined  by  other  means. 
Most importantly,  it depends  on  a  knowledge  of 
the  shape  of  the  structures;  there  are  various 
means of determining  this from the shape  of sec- 
tion  images  (14,  16).  In  addition,  we  need  to 
know  something  about  the  size  distribution  of 
structures  (11,  31, 4). 
If the structures  studied  are all of the same shape 
and  roughly  of the same size,  two  basic relations 
between Nvi and  Nai are available. De Hoff and 
Rhines (11)  have shown that 
Nai = Nvi.D~  (12) 
f  : 
L 
I~IOURE 4  Estimation of number  of  (spherical)  struc- 
tures  from  number  of  tmnsections  and  volumetric 
density. 
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structures.  In the case of spherical structures,  D  is 
simply  thelr  average  diameter.  For  ellipsoidal 
structures,  [)  can  be  determined  graphically  by 
the metkcd of Bach  (4). 
While a  knowledge of shape and  size of the struc- 
ture  is  necessary  for  application  of  this  method, 
another  principle  which  was  derived  by  Weibel 
and Gomez  (48)  requires only a  rough  knowledge 
of shape.  This  is introduced  into  the  relation  be- 
tween  NA  and  Nv in form of a  dimensionless  co- 
efficient  /3.  Values  of  /3  for  typical  bodies  have 
been presented in graphic form (48).  In addition, 
we  need  to know the volumetric fraction  Vvi oc- 
cupied  by  the  bodies;  this  can  be  obtained  by 
simple  pcint-counting  analysis.  The  following 
formula  applies: 
1  NAi  31~ 
Nvi  (13) 
.~i " Vv? j~ 
N~ii and  Vvi can be determined  simultaneously if 
a  test system is chosen in which a  lattice of points 
is  enclosed  in  a  square  area  (Fig.  4).  We  count 
the number of transections,  Nai, lying within the 
square  (counting those transections  which are cut 
by the left and  upper  margin  and  rejecting those 
cut by the right and lower margin), and determine 
the point fraction,  PPi,  lying on  transections  ac- 
cording  to  equation  4.  In  equation  13,  we  then 
can substitute  PPi for  Vvi and  obtain the number 
of structures  in  the  unit  volume if we  can  make 
some  assumptions  with  respect  to  their  shape 
(/3d- 
This  latter  principle  can  also  be  applied  if the 
size cf the structures  varies  within  certain  limits. 
A  size  distribution  coefficient  K  must  then  be 
introduced  (31,  45): 
|  NAi 3;2 
Nv~  K  (14) 
/31"  V v~  112 
K  is the ratio  cf third  to first  moment of the dis- 
tribution  of  diameters  (31).  It  is  thus  always 
larger  than  1.  For  a  normal  distribution  with  a 
standard  deviation  of  -4-25  %  of the  mean,  K  = 
1.07. 
Well  defined  biological  structures  often  show  a 
rather  narrow  size distribution.  For renal  glome- 
ruli  it  was  found,  for  example,  that  K  =  1.014 
(31,  45).  ~[his coefficient can  thus  be disregarded 
for  many  practical  purposes  or  replaced  by  an 
arbitrary  coefficient of the  order  of  1.02  to  1.1, 
particularly  when  comparisons  between  control 
and  experimental  materials  are  sought.  Caution 
is  indicated,  though,  when  an  experiment  may 
have  induced  a  change  in  the  size  distribution; 
this can  be tested  by determining  the variance of 
the size distribution  of the sections in both control 
and  experimental  materials  (3). 
A  MULTIPURPOSE  TEST  SYSTEM 
The presentation of the above principles has shown 
that  morphometric  work  requires  the  following 
"probes":  a  test  area  for  counting  structures,  a 
lattice  of test points  for  volumetric  work,  ann  test 
lines for  surface  estimation.  A  number  of test  sys- 
tems have been  proposed  for  various  tasks  (6,  7, 
1,  20,  25, 44, 45, 49),  and it is essentially a  matter 
of personal  preference which one is selected for a 
particular problem. If volumetric analysis of tissues 
alone is wanted  at the light microscope level, the 
Zeiss  Integrating  Eyepiece  I  may  be  used  (23). 
Similarly,  for  surface  area  measurement  in  the 
light  microscope  the  Zeiss  Integrating  Eyepiece 
II is suitable  (22).  For counting  transections  any 
eyepiece  containing  a  reticle  with  a  square  grid 
can be used. 
In  our  own  work,  a  multipurpose  test  system, 
which  combines  area,  points,  and  lines  (Fig.  5), 
was found to be particularly useful since it enabled 
us  to  obtain  a  large  variety  of information  with 
one  and  the  same  test  system.  It  was  developed 
from a  system presented  previously for work done 
directly  on  the  screen  of the  electron  microscope 
(49).  We  are  using  three  variants  which  differ 
only  in  the  number  of test  lines  and  test  points, 
but not in  the general properties. 
Fig.  5 A  shows  the general  arrangement of the 
test  system.  A  square  area  contains  21  lines  of 
constant length, Z, which are arranged on 7 equi- 
distant  and  parallel  rows,  whereby  the  distance 
between the  end-points  of the lines  is Z  in  every 
direction. These Pr  =  42 end-points thus form an 
equilateral triangular  lattice; they can  be used  as 
test  points  for  point-counting  volumetry.  With 
this  arrangement  each  test  point  has  an  absolute 
area value a  -  %//3  -Z=; it is thus possible to per- 
form  planimetry  with  this  test  system  as  well  (1, 
27),  by  ascribing  to  each  point  lying  within  the 
planar area to be measured  this area value a. 
The  1/~ Pr  =  21  test lines of length Z  serve as 
probes  for surface  estimations  according  to  equa- 
tion  7.  By  recording  NL  as  the  number  of inter- 
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per test  field, the total length of the test line  is
LT  =  2PT.Z
With this test-system it is also possible to determine
surface-to-volume  ratios  according  to  equation  9,
6z  and  average  thicknesses  of tissue  layers  according
to equation  10.
The  test-system  is  enclosed  in  a  square  frame
whose sides measure  6 Z; it encloses  an area which
corresponds  to nearly  PT  =  42  area  values of the
test  points.  If one  side of the frame  measures  6.06
Z  (Fig.  5 A),  this relationship  is exact.  This frame
defines the  test area,  AT,  for counting  the  number
NA  of  particle  sections  per  test  area  used  for  de-
trmntin  nF  the  nilmhr  jf rtritlreR  in  theP
unit volume  NV according  to equations  12,  13,  or
14.  It  is  thus possible  to  obtain with  this  test sys-
...  _  I  1  21  i  . . . . r_
the harmonic  mean  thickness  Th.  The  test system
illustrated  in  Fig.  5  A  is  particularly  useful  for
light microscope work.  It  is commerically  available
incorporated  into a measuring  eyepiece,'  whereby
it  can  be  directly  superimposed  with  histological
sections.  For  electron  microscope  work,  it  is  de-
12.12z  sirable  to  have  a  denser  arrangement  of  test
points and lines.  Fig.  5  B  illustrates  two  variants
of this test system  which have the same properties,
but  differ  inasmuch  as  there  are  4  times  more
points and lines (PT  =  168)  in the field;  the sides
of the enclosing  square measure  12  Z.  The dotted
line encloses  a test system with  PT  =  100 which is
convenient  by giving  directly  per  cent values  for
volumetry.  'lhe enclosing  test  area  is  a rectangle
with  the horizontal  side  measuring  10  Z  and  the
vertical  side
5.  ,13.Z = 8.7.Z
l Manufactured  by Wild Heerbrugg Instruments Inc.,
CH-9435, Heerbrugg,  Switzerland.  (No. 5678).
FIGURE  5  Stereological  test systems.  A,  Multi-
purpose  test  system  with  21  lines  of  length  z
arranged  in  equilateral  triangular  network  of
lattice  period  z.  (compare  text).  B,  Extended
multipurpose  test  screens  with  168  or  100  test
points.  C,  Square  lattice  with  double-lattice
period  of  c  and  5  c  for  volumetric  analysis  in-
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If volumetry alone is required it may be desirable 
to use a  simpler test system. Haug (20)  and others 
have  used  simple  square  grids,  where  the  cross- 
points of lines serve as test points.  Hennig (23,  25) 
has  proposed  hexagonal  point-nets  and  has  de- 
vised the Integrating  Eyepiece I  of Zeiss for their 
application. 
In  studying  the  volumetric  density  of  scarce 
components  in  the  cytoplasm,  it  may  be  advan- 
tageous  to  use  a  double-lattice  test  system  as 
shown in Fig.  5 c.  It consists of a  square  network 
with  a  lattice constant c, whereby every fifth line 
is heavier than  the intermediate lines.  The  cross- 
points  of  all  lines  have  an  area  value  c2;  i.e., 
planimetrically  each  point  represents  one  little 
square of c  2. The heavy lines alone enclose squares 
of area  (5 c)2; the area value of the cross-points of 
the  heavy  lines  thus  equals  25  c  ~.  The  relative 
volume,  V~,  of  the  scarce  component  s  in  the 
volume of the cytoplasm,  Vc, can be obtained by 
counting  the  number  P,  of  cross-points  falling 
onto  s  and  the  number  P~  of heavy cross-points 
falling onto cytoplasm, through the formula 
Vs  P, 
(15) 
vc  25.Po' 
With  this  test  system,  it  is  possible  to  greatly 
reduce  the  counting  labor  without  appreciably 
reducing  the  quality  of the  result.  On  the  con- 
trary, the error probability is reduced since we can 
choose  a  point  density  with  which  at  least  one 
test point will fall onto every section of s. Modifica- 
tions of this  principle  can  easily be found  to  suit 
every  problem.  A  particular  example  is  given 
below. 
PRACTICAL  APPLICATION  OF 
THESE  PRINCIPLES 
Light Microscopy 
It  has  already  been  pointed  out  that  various 
test systems can be optically superimposed on tissue 
sections in any ordinary  microscope.  Methods for 
random  sampling  of tissue  sections and  of micro- 
scope fields have  been  presented  previously  (44). 
In  recent  work  we  have  made  extensive  use  of 
very  thin  sections  of  plastic-embedded  material 
(30, 46) viewed with a  phase contrast microscope. 
Electron Microscopy 
In  previous  work  (49),  we  used  a  test  system 
engraved  into  the  fluorescent  screen  of our  elec- 
tron  microscope  and  thus  directly  obtained  the 
necessary  measurements.  We  have  now found  it 
advantageous  to  record  the  electron  micrographs 
on  35-mm  film and  to  evaluate contact  prints  of 
these negatives in a table projector. This procedure 
is more efficient, reduces the necessary microscope 
time to a  minimum, and ensures better resolution. 
The sequence of steps is described below. 
A.  SAMPLINC:  The  application  of the  afore- 
mentioned  stereological  principles  depends  on 
sound random sampling of the material. The tissue 
is  cut  into  the  customary  dices  which  are  fixed 
and  processed in bulk.  A  random  sample of, e.g., 
10  dices  is  drawn  (44);  these  are  consecutively 
numbered  and  embedded  in  individual  capsules 
without orientation,  and the sections are mounted 
on  copper  grids  fitted  with  a  carbon-enforced 
Formvar film. 
The  sections  are  randomly  subsampled  in  the 
electronmicroscope.  Fig.  6  shows  a  low  power 
electron  micrograph  of  a  150-mesh  copper  grid 
carrying a section of rat lung. Random subsamples 
of  such  sections  can  be  obtained  by  recording 
electron micrographs in one specific corner of each 
mesh.  In  the case of Fig.  6,  the circles mark  the 
position  of  the  viewing  screen;  randomness  is 
achieved  by  letting  the  edge  of  the  screen  just 
touch  two  edges  of the  copper  bars.  Depending 
on the number  of electron micrographs required, 
one  can  either  start  with  an  arbitrary  field  and 
record all consecutive frames until the sample size 
desired  is  reached;  or,  the  fields  to  be  recorded 
can  be  located  by  means  of random  numbers  as 
proposed  previously  (44).  The  first  procedure  is 
less  cumbersome,  however,  and  is  adequate  for 
most  applications.  The  fields  selected  by  one  of 
these  methods  are  recorded  on  35-ram  film.  At 
the end of each recording period,  a  test specimen 
(carbon  grating)  is  micrographed  for  calibration 
purposes.  The  developed  film  strip  is  contact- 
printed onto positive film in a  long light-box. 
The  square  frame  inside  the  circles  marks  the 
field  finally  recorded  on  the  film  and  represents 
the sample  studied.  It should  be  noticed  that  the 
amount  of lung  tissue  contained  in  each  sample 
field  varies  considerably.  If  information  on  the 
composition  of  the  entire  organ--including  air, 
tissue,  and  blood--is  sought,  all the  samples  ob- 
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regardless of their content. 
B.  PROJECTOR  UNIT:  For  evaluation  of  the 
positive  film  strips,  we  are  using  a  small  table 
projector which  was  constructed  in our workshop 
(Figs.  7  and  8).  A  Leitz  Pradix  35-ram  projector 
(P,  Fig.  8)  fitted  with  a  50-mm  objective  and  a 
35-ram  film  stage  (F)  projects  the  picture  via  a 
mirror  (M)  onto  a  screen  (S).  The  mirror  is 
mounted  with  a  friction hinge;  millimeter  paper 
is  projected  from  film  stage  onto  screen  and 
the  mirror  tilt  adjusted  until  the  picture  shows 
no distortion. 
The screen consists of a  semitransparent  acetate 
paper with the multipurpose  test system (Fig. 5  b) 
drawn  in  india  ink;  it  is  inserted  between  two 
glass  plates.  It  is  thus  easy  to  exchange  the  test 
systems according to the requirements of the work. 
It is also possible to use suitable microfilm-reading 
devices which are commercially available. 
C.  EXAMPLES  OF  MORPHOMETRIC  ANALY- 
sis:  For each particular  problem studied,  it will 
FIGURE 6  Electron micrograph of coppergrid carrying rat lung section. Positioning of screen (circles) 
in comers of grid for random sampling of fields.  X  ~50. 
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micrographs. 
FIGURE  8  Diagram  of  table  projector  unit, 
with projector (P), film stage  (F), tilting mirror 
(M), and  screen  with exchangeable test system 
I  (S). 
be necessary  to find  the  most suitable  test  system 
and  to precisely define the parameters  sought.  As 
mere illustrations, two examples from our own worl~ 
will be  given. 
In  a  series  of studies  on  the  gas  exchange  ap- 
paratus  of the lung  (30,  46),  we  sought  quantia- 
tive  information  on  the  total  surface  areas  be- 
tween  air  and  tissue  (Sa)  and  between  tissue  and 
blood in  capillaries  (So); in addition,  the capillary 
blood  volume  (Vc),  the  air  volume  (Va),  the 
tissue  volume  (Vt),  and  the  average  thickness  of 
the air-blood barrier  (~)  had  to be determined. 
The  necessary  basic  data  were  obtained  in  a 
single operation  by projecting low power electron 
micrographs,  as obtained  by random  sampling of 
sections according to Fig. 6, onto the multipurpose 
test system of Fig.  5  B.  In Fig.  9,  a  typical field is 
superimposed  with  the test system.  Starting  from 
the  left-hand  upper  corner,  the  location  of each 
end-point of the test-lines on air space  (Pa),  tissue 
32  T~E  JOURNAL  OF  CELL  BIOLOGY "  VOLUM~  30,  1966 (Pt),  and  blood  (Pc)  was  tallied on  a  differential 
counter.  Subsequently,  the  intersections  of  the 
test-lines with the alveolar surface  (N~a)  and  with 
the  capillary  surface  (N~c) were  tallied.  Typical 
points are labeled on Fig.  9.  It can easily be seen 
that,  of the  168  test-points,  20 lie on tissue and  20 
on  blood;  furthermore,  N~a  =  26  and  N~c  =  18 
in  this sample.  These data  are tabulated  and  are 
used  for  calculation  of  the  volumes  and  surface 
areas  by  means  of  appropriate  formulas  given 
above. 
It  is,  of course,  also  possible  to  determine  the 
volume  proportions  of  epithelium,  endothelium, 
and interstitium in the tissue space by tallying the 
point-hits  on  these  components  separately.  The 
frame  enclosing  the  test  system  can  be  used  to 
count  the  number  of erythrocyte  transections  in 
capillaries  or of nuclear  profiles per  sample  area. 
In another study  (18),  we estimated the volume 
fraction  of  cytoplasm  occupied  by  a  new  and 
specific organelle (50)  of endothelial cells in differ- 
ent vessels of the rat.  Systematic samples of endo- 
thelial cells were recorded on film at 6800 primary 
magnification.  Projection onto a  screen fitted with 
the double-lattice test system of Fig.  5 C  yielded a 
final  magnification  of  61,200  diameters.  Fig.  10 
shows  a  fraction  of the  screen  with  a  portion  of 
endothelial  cytoplasm  containing  several  transec- 
tions  of  the  organelles.  The  cross-points  of  the 
heavy  lines  lying  on  cytoplasm  were  counted 
Fmtm~  9.  Sample  field  of  rat  lung  section  superimposed  with  multipurpose  test-system.  Compare 
text.  X  2500. 
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lattice test-system. Arrows identify some profiles  of the specific organelle investigated. L, vessel lumen, 
B, basement membrane, M, mitochondrion.  )< 44,000. 
(P/)  to estimate the area of cytoplasm present on 
the  sample.  Then  the  number  of all cross-points 
lying on  organelles  (Pk)  was  recorded.  The  rela- 
tive volume Vvk of the organelles in the cytoplasm 
was obtained from equation  16. 
In this last example,  section thickness has to be 
taken  into  consideration,  since  the size of the or- 
ganelles is of about the same dimension. The value 
of  Vvk obtained  from  the  data  overestimates  the 
true value  by about  50 %. 
D.  CALIBRATION:  In  order  to  avoid  un- 
necessary  intermediate  errors  in  calibration,  it is 
advisable  to  record  a  calibration  test  specimen 
(silver  screen,  carbon-grating  replica)  on  each 
film strip. At the end of evaluation in the projector 
unit,  the absolute value of the test unit,  Z,  is de- 
termined with this calibration recording.  It should 
be noted that calibration is essentially irrelevant if 
volumetric  work  by  point-counting  alone  is  per- 
formed. 
With this procedure,  we found very small varia- 
tions  in  calibration.  These  were  always  due  to 
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were  thus  identical  for  calibration  specimen  and 
sections.  It  is,  of course,  necessary  to  observe  all 
precautions for adequate calibration  (5,  36). 
E.  DATA  RECORDING:  Since  the  necessary 
measurements  are essentially reduced  to  a  differ- 
ential  counting of different  "hits"  and  "cuts,"  the 
data  can  be  conveniently  recorded  in  a  simple 
counter unit.  Commercially available hematologl- 
cal  counters  can  be  used.  For  more  extensive 
work, we have constructed a more efficient electric 
counter  unit  with  10  counters  and  two  totalizers 
(Fig.  7). The counters are arranged  in series with 
one of the  two  totalizers  and  are fed  with  single 
impulses  from  Miltac  microswitches  which  are 
mounted on two keyboards to allow easy handling 
with both hands (Fig. 7). At the end of each count- 
ing sequence, the counters are read off onto tables. 
DISCUSSION 
The  methods  of  measurement  reviewed  in  this 
paper  are very efficient and  yield reliable results 
on numerous propositions  (44,  35, 30, 46,  15,  40). 
However, two types of errors may affect this work: 
(a)  systematic  errors  due  to  the  techniques  em- 
ployed,  and  (b)  statistical errors.  These should  be 
discussed  here without entering into details,  since 
they  should  not  lead  to  serious  difficulties if the 
necessary  precautions  are observed. 
Among the systematic errors, tissue-processing arti- 
facts are most important  (49).  These can be elimi- 
nated almost entirely if the fixation and processing 
media  are  carefully  adjusted  to  isotonicity.  For 
comparative  work,  they  are  further  reduced  by 
strict standardization of the laboratory techniques. 
Under  special  circumstances,  however,  the  pos- 
sibility of some residual systematic error has to be 
borne  in  mind.  If this  cannot  be  eliminated,  ap- 
propriate  mathematical  correction  should  be 
considered  (44). 
The  principles  stated  above  apply  only to  sec- 
tions  of  (nearly)  infinite  thinness.  Finite  section 
thickness will introduce a  certain systematic error 
(Holmes effect, 29)  which  depends  on  the  ratio 
of  section  thickness  to  mean  "diameter"  of the 
structures  investigated.  As  a  general  rule,  the 
Holmes  effect can  be  disregarded,  if this ratio  is 
much  smaller  than  1.  For  example,  no  problem 
arises  when  measuring  the  volume  fraction  of 
whole  mitochondria  in  liver  or  muscle  cells  or 
their external surface-to-volume ratio on ordinary 
ultrathin  sections  of  silver  interference  color 
~(500  A). However, for determining the surface- 
to-volume ratio of inner mitochondrial membranes 
and matrix, the section thickness has to be reduced 
as far as possible.  If two populations of mitochon- 
dria  have  to  be  compared,  the  residual  Holmes 
effect can be disregarded  if it can  be expected to 
affect both  populations  to the same degree.  Such 
very  thin  sections  will show  little  contrast;  this 
can  be  improved  by  heavily  "over-stalning"  the 
sections,  for  example,  with  a  combined  uranyl 
acetate  and  lead  stain  (17).  In  this  work,  the 
aesthetic quality of the electron micrographs is not 
of primary importance. 
The Holmes effect shall not  be further  treated 
here.  It  has  received thorough consideration else- 
where  for various general cases (29, 23-26,  2, 44). 
Statistical  Errors 
In practical application,  the stereological meth- 
ods  proposed  here  will  yield  estimates  of  "true 
dimensions"  within  certain  confidence  intervals 
which essentially depend on the size of the sample 
and  can  be  tested  by  means  of  usual  statistical 
techniques  (43).  The  quality of the result can  be 
improved  by  increasing  the  sample  size,  but  it 
must be borne in mind that this improvement runs 
proportional  to the square root of the sample size 
(25, 44). 
The distribution of the sample over the tissue is 
an important factor in reducing the error.  Firstly, 
it  has  been  shown  that  an  even  distribution  of 
sample  sections in  the organ  can  be  achieved  by 
stratified random  sampling  (44,  13).  Hennig  (26) 
has  further  shown  that  the  use  of  a  systematic 
lattice  of  points  in  the  test  system,  as  proposed 
above,  is  able  to  reduce  the  probable  error  as 
compared  to  a  purely  random  test  system.  The 
"randomness" required by the theory of stereology 
is still preserved if there is no coincidence between 
test system lattice and any lattice underlying tissue 
organization.  If some structures  show preferential 
orientation,  it may be necessary to rotate  the test 
system  by,  e.g,  90 °  or  two  times  60 °  and  take 
two or three readings (39). 
An increase of the sample size can  be obtained 
by three principal steps: (a) an increase in the num- 
ber of sections investigated,  (b)  an increase in the 
number  of micrographs  prepared  per  section,  or 
(c)  by increasing the point density of the test sys- 
tem.  Since  we  are  dealing  with  multiple-stage 
sampling  (9),  the  first  step  will  bring  the  most 
intense  improvement,  and  the  least  effect has  to 
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be expected from simply  increasing the  test point 
density.  This is immediately seen,  if the variance 
V (~) of the mean obtained by three-stage sampling 
is considered  (9).  Taking $12 to be the variance of 
the first sampling stage,  i.e.  the variance between 
sections,  and  nl  the  corresponding  sample  size 
(number  of sections);  taking  furthermore  $2  2 and 
n~  to  be  variance  and  number  of  sample  fields 
(electron  micrographs)  per  section,  $3  2  and  n3 
variance  and  number  of test  points  per  field,  we 
obtain 
V(~) =--$12-}  -  S2z  +  --S"2  (17) 
nl  nl. n2  nl. rb2. n3 
It is easily seen that  an increase in nl will  reduce 
all three components while a  simple increase in n3 
will only influence the last member, namely $2. 
On  the  other  hand,  increasing  the  number  of 
sections will entail the highest increase in the costs 
of the project. Some estimates of time requirement 
and effective costs as they pertained to our studies 
are presented  in  Table  II.  Each investigator will 
have to judge, on the basis of his facilities, which 
step  ought  to  be increased  to provide  an optimal 
result with tolerable cost increase. 
In  experimental  work,  a  "zero-order"  sample 
has, of course, also to be taken into consideration: 
the number  of test  animals  used.  In  general,  this 
number  depends  on  the  experimental  conditions 
and does not directly influence the morphometric 
work. It may often prove advantageous,  though, to 
head directly for group averages without consider- 
ing the individual animal values.  The variance of 
this group mean is then calculated on the basis of 
a  four-stage  sampling  procedure  according  to 
equation  17  with  no  and  So  2 as  the  number  and 
variance  of the  animals  used,  and  so  forth.  The 
test-points  then  become  the fourth-order  sample, 
and a corresponding fourth term must be added to 
equation  17.  It  is  then  again  evident  that  an 
increase  in  the  number  of experimental  animals 
will best improve the results. 
CONCLUSIONS 
Stercological  methods  provide  the  means  of 
efficiently  producing  quantitative  data  on  the 
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These methods can easily be applied to cytological 
work at the electron microscope level of resolution. 
Although particular caution is indicated in avoid- 
ing systematic errors which may result from inade- 
quate  preparation,  section  thickness,  and  so  on, 
the  results  are  generally very reliable.  They  can 
be subjected  to statistical analysis in order  to test 
for statistical errors.  While the derivation of these 
principles--which  was  purposely  omitted  in  this 
presentation--often  involves the  use  of advanced 
mathematical  tools,  their  practical  application 
requires  no  special mathematical  knowledge.  On 
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